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INntroduction

Most of the open questions of particle physics are directly related to
Higgs physics and in particular to the Higgs potential

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

[S. Dawson et al. ’22]

3
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Unsolved issues in the Higgs sector

[J. Braathen '24]

Slide adapted from [Salam ‘23],
itself adapted from [Giudice]

1 a a 14
LD~ Fp For + Py D,

- entirely constrained by gauge symmetry, tested to high precision (e.g. LEP)

LD —y;i;®; + p?|®° + \|®|* —

Yukawa couplings:
Hierarchy of fermion
masses and flavour

Higgs mass term:
Gauge hierarchy
problem

Vacuum energy:.
Cosmological
constant problem

Quartic Higgs coupling:
UV behaviour and vacuum
stability (more later)

4
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Possible relations of the Higgs and the dark sector

Higgs decays into dark matter particles would give rise to a "missing
energy” signature and give rise to an invisible” decay mode

The Higgs boson(s) could also act as a mediator” between the
visible and the dark sector

The Higgs sector as a portal” to the dark sector:

> |®|? is a gauge singlet — Higgs field provides a perfect way to write a

portal term in the Lagrangian,
e.g. simplest example = add to SM a singlet S, charged under a

global Z, symmetry to stabilise DM .S
. SM
2 2 4 N
£ZQSSM — ESM — )\portals |(I)‘ — )\darkS > — o
A__ . controls DM relic density & detection S, S\

portal”
V4

» Plethora of models: inert singlets, doublets, triplets; Next-to-Two-
Higgs-Doublet Model (N2HDM), S2HDM, etc.

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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Properties of the detected Higgs boson (h125)

The Standard Model of particle physics uses a minimal” form of the
Higgs potential with a single Higgs boson that is an elementary particle

h125: inclusive )

. . A

and differential E
rates

=

n

E

—SM-like properties

CMS Preliminary

137 b (13 TeV

[ —

B o Observed _
102 =_ 57+7 _=
= = I t1c (stat @ syst) 3
6.6 128 ) B +ic (syst) —
[ 10*3 5 9+4.7 . ]
10 — I T-38 26 .2 Uncertainty on SM pred. __|
— m ! m 3'1—2-5 2-3t2:3 §
— 287 0.671% 2.17% o -
— | -0.67 1 4*0-5 1 2:1 —
| I ‘ [[05 14705 0.79'07°]
1 = H-vy, IyHl <25 H i 05302 0.40'031 0.55'05 ]
— . YT -0.22 : =]
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—  m, =125.38 GeV, pg,, = 62% N -
3.5
3
05 ggF VH
> | I
1 .5 A
1B sodoonL. monenn oodioon | Exal T | - B8 . S S = T e I =
1 l ! ' | I
0.5 E—} [ I
0 I I
N
IQ_I— :|:Q_|— IQ_I— IQ_I— IQ_|_ IQ_I— IQ_'_ IQ_'_ —GE) (% _GE) g % E_ E_ %
: &5 2 %8 &5 &2 B8 & 4L @® ¢ $ © T T
= i = £ < = £ = o) I o > T = N
o - ~— — Al Al Al T o T o o
T T T T T Al Al o) R o
> ) 3> o S S T T > o

The LHC results on the discovered Higgs boson within the current

uncertainties are compatible with the predictions of the Standard Model,
but also with a wide variety of other possibilities, corresponding to very

different underlying physics

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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Properties of the detected Higgs boson (h125)

Couplings of the detected
Higgs boson to other particles:

[ATLAS Collaboration '22]

>
=

ﬁ 1

K

Nobel Prize 2013

llll I I Illllll
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+ K, is a free parameter

L L LT

SM prediction
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= Agrees with predictions of the Brout-Englert-Higgs (BEH) mechanism

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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Simple example of extended Higgs sector: 2H

Two Higgs doublet model (2HDM):

\+
o}

- CP conserving 2HDM with two complex doublets: @, = <q,l+pl+ml> , Py =

@4@@2@?

Softly broken Z, symmetry (O, —» @ ; O, — - O, ) entails 4 Yukawa types

DM

Os
Vo +po+ine

V2

[K. Radchenko °23]

- Potential: | Voupm = 772‘%1((1)']1(1)1> W "“52(‘1’;‘1’2) — 7”%‘2((1)1(1)2 + (I)E(I)l) 0 ?l(‘I’J{‘I’ )%+

)\3((1)1(1)1)((1);(1)2) ol )\4((1)1(1)2_)((1);(1)1) I

—

A5 ,
5 ((2]2,)°

)\) ((I) b, )

;i ((I)Q(I)l);)-

2
- Free parameters: Mh, T H, A, M+, 1112, tanﬁ, COS(ﬁ — 04), v 5

tanﬁzvg/vl
v zvarv% ~

(246 GeV)?

In alignment limit, cos(B — a) = 0: h couplings are SM-like at tree level

8
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Masses of the BSM Higgs fields

my = [miy/(viva) — 2Xs] (v§ +-v§) m%r — [m%Q/ (Ulvz) — A — )\5] (U% T U% )

In general: BSM Higgs fields receive contributions from two sources:

m?p — M? +5\q>112, bec{H A H}

where M2 = 2 m122 /sin(2[3)

Sizeable splitting between m¢ and M induces large BSM
contributions the the Higgs self-couplings (see below)

9
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SMEFT: parametrising possible deviations from the SM

Effective Lagrangian approach, obtained from integrating out
heavy particles

Assumption: new physics only appears at scale A » Mn = 125 GeV

Systematic approach: expansion in inverse powers of A;
parametrises deviations of coupling strenghts and tensor

structure

AL = Z 2 0d= 6+Z“90d :

How about light BSM particles?
Difficult to incorporate in a generic way, need full structure of
particular models .

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024



What is the underlying dynamics of electroweak
symmetry breaking?

' Higgs potential
The vacuum structure is caused by 995> P

the Higgs field through the Higgs e /
potential. We lack a deeper

understanding of this!

We do not know where the Higgs
potential that causes the structure of =~
the vacuum actually comes from and
which form of the potential is realised
INn nature. Experimental input is

needed to clarify this!

Single doublet or extended Higgs sector? (new symmetry?)

Fundamental scalar or compositeness? (new interaction?)

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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Higgs potential: the “holy grail” of particle physics

Crucial questions related to electroweak symmetry breaking: what is
the form of the Higgs potential and how does it arise?

Vacuum expectation value Only known so far:
_ 1 e e
9= U5 | —. the location of the EW minimum:
VvV = 246 GeV
B / - the curvature of the potential around the EW minimum:
7 m, = 125 GeV

N m% =
v (125 GeV)?

K"

Higgs potential

v = 246 GeV

Information can be obtained from the trilinear and quartic Higgs
self-couplings, which will be a main focus of the experimental and
theoretical activities in particle physics during the coming years

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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transition (EWPT)

he Higgs potential and the electroweak phase

[D. Gorbunov, V. Rubakov]

Temperature evolution of the Higgs potential in the early universe:

V(9. T) = Vo(¢) + V*(o,T)

» \ F 2 ’\
( o {-Ilggs Oﬁ\‘ (( ” L
Higgs off Q% [ R

/ R Higgs off
AR

£

(=9
€ ( | ‘j Higgs off

Potential barrier depends
on trilinear Higgs —

Vo : J

coupling(s)
Baryogenesis: creation of
the asymmetry between
matter and antimatter in
the universe requires
strong first-order EWPT

0

-~
-~
-~
-~
e~
-
o~
e
e
-~
-~
-~
- ,
-~
e

High temperature

Critical
T temperature
C (degenerate
minima)

Transition
temperature
(strong first-

o order EWPT)
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First-order vs. second order EWPT

[D. Gorbunov, V. Rubakov]

./ ¢ 1st order <> 2nd order
N/ V D
O

Qi ® [K. Radchenko ’23]

Potential barrier needed for first-order EWPT, depends on trilinear
Higgs coupling(s)

Deviation of trilinear Higgs coupling from SM value is a typical
feature of a strong first-order EWPT .

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024



Strongly first-order EWPT in the 2HDM

Barrier is related to a cubic term in the effective potential

Arises from higher-order contributions and thermal
potential, in particular:

corrections to the

fh : 3/2
2 y /
H A Agsh® # 1lg
o7 45 |
— For sizeable quartic couplings an effective cubic term in the Higgs
potential is generated V() [M. O. Olea "23]
/KT
— Yields mass splitting between the (T*-T) &

BSM Higgs bosons and sizeable
corrections to the trilinear Higgs coupling

Higgs physics at future colliders, Georg Weit
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—WPT: are there additional sources for CP violation
N the Higgs sector?

Baryogenesis: creation of the asymmetry between matter and anti-
matter in the universe requires a strong first-order electroweak phase
transition (EWPT)

First-order EWPT does not work in the SM

The amount of CP violation in the SM (induced by the CKM phase) is
not sufficient to explain the observed asymmetry between matter
and anti-matter in the universe

First-order EWPT can be realised in extended Higgs sectors
could give rise to detectable gravitational wave signal

h . Vi
—> Search for additional sources of CP violation N

Two-loop “Barr-Zee”’
electron EDM contribution

But: strong experimental constraints from limits on electric dipole
moments (EDMs) 16

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024




Latest update of European Strategy for Particle Physics

European Particle Physi ateg& Update 2018 - 2020

K e = o

""’66’”’10 >
'.,”--p-’— p——

Future Projects:
3. High-priority future initiatives

@ electron-positron Higgs factory is the h1ghest-pr10r1ty next colthEbr the longer term, the European

particle physics community has_ti ' Derate—a fnn-nroton colhder at the highest achievable
energy. Accompl
the particle physics community should ramp up its R&D effort focused on advanced accelera

technologies, in particular that for high-field superconducting magnets, including high-temperature
superconductors;

e Europe, together with its international partners, should investigate the technical and financial
feaszbllzty of a future hadron collider at CERN with a centre-of-mass energy of at least 100 TeV and

completed o ' ' rategy update.

he timely realisation of the electron-positron International Linear Collider (ILC) in Japan would be

compatible with this strategy and, in that case, the European particle physics community would wish to
collaborate.

17
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ete- Higgs factories

i Circular . .
Linear Internatl‘onal Llnear“Colllder Future Circular Collider

ILC
Japan
wm Compact Linear Collider
S 380 GeV - 11.4 km (CLIC380) ,i 7 Z
B 1.5 TeV-29.0 km (CLIC1500) = y ;
3.0 TeV - 50.1 km (CLECSOOO)‘ )
CLIC
CERN
C? - 8 km Footprint for 250/550 GeV
/NW /@ R=01k
Ni\ww o IP o
CCC
Polarized {
Eciron Sour:;;v e #ltre-namping Ring
~ .

Facility length: ~3.3 km

Positron  Damping rings
source (3 GeV) Driver source,
RF linac (5 GeV) RF linac

ion point

(250 GeV c.0.m.) e o o (6-31 GeV e*/drivers)
HALHF o 2220 G2 S $333333333 3333333333 ] )3 35555

FCC-ee
CERN

High-level differences:
* Energy reach
* Luminosity

Future
~“Circular’ -~
~< Collider =

Geneya.-

Circular Electron Positron Collider 1000

FCC-ee —+—
CEPC -
ILC
— ILC-up.
(;w 100 CLICC:ZLIC -
1 -Up
5
mC)
hai 10 _
- A
T _;:..___.-J‘
e
1 ! L
100 1000
om [GeV]

« 250 GeV — ZH threshold

« 350 GeV — tt threshold O Based on superconducting RF (liquid nitrogen)
. 550 GeV — HHH coupling © Proposed at SLAC; very compact machine

« ca.1.5TeV technology limit

- O Newidea: e~ plasma acceleration, et

250 GeV — ZH threshold

Turn-around loops

(31 GeV e*/drivers) b . .
e conventional LinAc
: : ° — ca. years needed to demonstrate
. 365 GeV — tt threshold (@ 10 R&D needed to d trat

RF linac ... feasibility
. ) y Beam-delivery system y . ” - ? ?
{ ;Bm.de..ve,ysys,em Y Sdeben o8 eFsme auclorar ac (5 Gev ) 10-30 TeV ?? technology limit
I 1

with turn-around loop
(31 GeVer)

O  Extremely compact: 3-4 km size, su{tgble for

Scale: 500 m

Source: Foster, D'Arcy & Lindstrem, preprint at arXiv:2303.10150 (2023) )'el’S, Georg We/g/eln, WOI’/(ShOp on FUTUI’@%H%/@%Z‘OFS, Corfu’ 05 / 2024



ete- Higgs factories

In the following | will discuss

» a low-energy ete- Higgs factory:
c.m. energy up to 240 or 350 GeV, linear or circular

» ete- Higgs factory extendable to high energy:
c.m. energy up to 500 GeV or beyond, linear, direct
measurement of trilinear Higgs self-coupling via ZHH
production

Here: no specific discussion of muon collider capabillities
(except for HHH production, see below)

19
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Future hadron colliders

1= L: (e High-Energy LHC @ el 1 FutureﬂCircuIar Collider SppC Super proton proton Collider .

27 TeV - -.-.,_;'_ i 100 TeV . (\\ic’r - 5. 75-150 Te BoostertoColIiderRing

16TNbsSn -~ = 16TNbsSn .~ % « > , 12-24T Fe-F > 'Plc
DT e e ) Ry
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IP3

BOOSter

CEpp
€ Colliter Ring P2

S
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() EXISTING INFRASTRUCTURES

* The main challenge: @ HL-LHC

high-fleld magnets: ~ 16+ T LHeC

e Electron-hadron collisions when
combined with ERLs: LHeC, FCC-eh
at CERN

Decision Y/N Frojec

Resources: no limitation...
Present HFM+National Program +20% OK till 2032.
Then an adequate increase 15-20%/y must follow

on FCCHE- ~ approva
LHC
1

1 1
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Properties of the detected Higgs boson at 125 GeV

* Mass
- Spin and CP properties

- Couplings, partial widths, total width, branching ratios, production
cross sections (total and differential), information from off-shell
contributions, interference effects, ...

~12 years after the discovery of the Higgs boson at 125 GeV (h125):
high-precision measurement of the mass, detailed investigations of
inclusive and differential rates

Mass at ete- Higgs factory: O(10 MeV) accuracy possible

21
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Higgs coupling determination at the LHC

Problem: no absolute measurement of total production cross
section (no recoil method like LEP, ILC: eTe™ — ZH,
Z —ete ,utpum)

Production x decay at the LHC yields combinations of Higgs

Couplings (FprOd, decay ™~ gIQ)I‘Od, decay):

Fp]fodrclecaty
Y
Lot

o(H) x BR(H — a+b) ~

Total Higgs width cannot be determined without further
assumptions

= LHC can directly determine only ratios of couplings,
2 2
e'g' gHTT/gHWW
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Qualitative new feature at an e+te- Higgs factory

“Golden channel”, ete- — ZH, can best be exploited at 250 GeV

P(e, e*)=(-0.8, 0.3), M-125 GeV

400 l"'I""I""I""I""I""
I —SMall fih |

. — Zh
S300F — WW fusion -
- ZZ fusion ]
O

$200

N

n

(D ______

9100
O ......

0
200 250 300 350 400 450 500
\s (GeV)

With this channel it is possible to detect the Higgs boson
independently from the way it decays: recoil method”

This leads to absolute and model-independent measurements of the
Higgs production process and of the Higgs decay branching ratios
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“Golden channel”: ete™ — ZH, Z —ete , utpu~

Recoil method: detecting the Higgs boson without using its decay'

Reconstruct Z->I*I- [ " — T T T T 7]
independent of Higgs decay < i ﬂ *— Data -
sensitive to invisible Higgs decays 7} 400 - —— Signal+Background —
€+ B H Signal ]
300 :— e Background —:
E e'+e = utu + X @ 250 GeV E
200 |- —
100 fasese 0 0 —
o=
o e .
2 _ 2 — 12 110 120 130 140 150
Myecoil = (\/g — E%) T ‘p£€|

Recoil Mass (GeV/c?)
Since the Z — I+I-decay branching fraction is known from the e*e-

collider LEP, this method yields an absolute measurement of the ZH
cross section, the Higgs branching ratios and the Higgs width!
= Large quantitative + qualitative improvements over HL-LHC

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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Invisible decays

T I T T

T T T T T T T T T T T
8000 e .. .............................................. Mrec distribution | _

— M, = 30 GeV = X

Events

6000 | ........................................... : M BN

— Mh= 90 Gev —

4000 [ . e | -
2000 g Wmé ............................................................ % ........................................................ {

100 15 200
M. (GeV/c?)

= Unique sensitivity at an ete- Higgs factory!
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Higgs couplings to fermions and gauge bosons:
the quest for identitying the underlying physics

In many BSM models one expects only % level
deviations or less from the SM couplings for BSM
particles in the TeV range. Example of 2ZHDM-type
model in decoupling limit:

200 GeV \*
IhVV ~ 1 —0.3% ( - >
JhspVV

Ghtt Ghce

2
el
|
ol
\‘l
]
7 N\
DO
-
-
G2
D
<
N———

Jhgrtt Ghenice
_ 200 GeV )\ *
S 1+4o%( ‘ ) |

Ghenbb GheyTT

= Need very high precision for the couplings
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Higgs couplings: example of "heavy” SUSY scenario

1.05

1.00

0.95

[H. Bahl et al. ’20]

M}}QE’ scenario My =700 GeV,tan 8 = 8

-
A

LC500 r' K

HL-LHC (ky < 1) -
LC250 .

Ry

Ky Kg Kry Ky Kb K-

— Need to resolve deviations at the level of 1% or below to get

sensitivity to possible effects of BSM physics
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Higgs couplings: example of "heavy” SUSY scenario

1.05

1.00

0.95

[H. Bahl et al. "20]

M *® scenario Myg=1TeV,tan s =8
| | | | | | |
-~ | HL-LHC (ky < 1) -
= § ILC250 -
-1 ILC500 -
o T -

I

Rw

Kz Kg Ky Ky Kb K-

— Need to resolve deviations at the level of 1% or below to get

sensitivity to possible effects of BSM physics
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Higgs couplings: towards high precision

A coupling is not a physical observable: if one talks about
measuring Higgs couplings at the % level or better, one needs
to precisely define what is actually meant by those couplings!

 For the determination of an appropriate coupling parameter at
this level of accuracy the incorporation of strong and
electroweak loop corrections is inevitable. This is in general not
possible in a strictly model-independent way!

» For comparisons of present and future facilities it is crucial to
clearly spell out under which assumptions these comparisons
are done

29
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“x framework” and EFT approach for coupling analyses

Simplified framework for coupling analyses: deviations from SM
parametrised by “scale factors” xi, where % = gui/gSM. O);;

Assumptions inherent in the % framework: signal corresponds to only
one state, no overlapping resonances, etc., zero-width
approximation, only modifications of coupling strengths (absolute
values of the couplings) are considered

= Assume that the observed state is a CP-even scalar

Theoretical assumptions in determination of the x;:
Xxv = 1, no invisible / undetectable decay modes, ...

E

. fits for Wilson coefficients of higher-dimensional operators in

SMEFT Lagrangian, ...

30
Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024



Results for A;

[ATLAS Collaboration ’22] [CMS Collaboration '22]

T T e CMS 138 b (13 TeV)
K~ .'—J—'_ . ® Observed +1 SD (stat)
B . == 11 SD (stat @ syst) +1 SD (syst)
w | — +2 SDs (stat @ syst)
L % — ! Stat Syst
Kt : =_ : Leptons Quarks Kw —@— 1.02:008 005 =0.05
F==-=--l-1-4 - !
AMEAnD -
B ° A L y ¢ - K5 —@— 1.04:007 005 =0.05
o — . - .
B | KY 1.10:0.08 =+0.06 =0.05
Force carriers Higgs boson L :
——e——| !
Ke s n H Kg —— 0.92:008 005 =0.06
K 7 B ee—— R\ J— — K —@— 1.0177 =007 =008
B N 40.17 4+0.12
Kg ',T...TT' —— Binv. =B, =0 Kb E: 099, =012 5y
--®&- B free, B, 20, x, <1 B '
— . - K¢ —— 0.92:008 =006 =0.06
K —— SM prediction B
Y - - Parameter value not allowed e 021 +0.19
L _ K“ 1'12—0222 020 *009
[ @ | B
“zr| S S - o ——— 100 02
111 111 1 I 111 1 111 1 I 1111 | N T — I | N T — | N T — I 1 1 1 1 1 1 I 111 1 | 1111 | 1111 | 1111 | 111
0.8 1 1.2 14 1.6 O 0.5 1 15 2 25 3 3.5 4
- Parameter val
68% CL interval arameter value

= Precision of about 10% for several x;
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Higgs couplings

Higgs couplings

Global EFT fits: projections for future colliders

107"
1072
1073
107

107"

1072

1072

[J. de Blas et al.

precision reach on effective couplings from SMEFT global fit

20]

B HL-LHC S2 + LEP/SLD B CEPC 7,4,/ WW4/240GeV,, | M ILC 250GeV, B CLIC 380GeV, B MuC 3TeV,
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Free H Width MILC +1TeVy VwiGiga-Z | [l CLIC +3TeV5 W MuC 125GeVj go+10TeV 4
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i 11078
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Global

=1 fits: projections for future colliders

[J. Reuter 24]

M All Higgs factories perform similar: luminosity vs. polarization

M Couplings will be pushed to single percent-few per mille

M Gain at least one order of magnitude precision over HL-LHC

M If exotic Higgs decays exist: no absolute couplings from LHC

precision reach on effective couplings from SMEFT global fit

M HL-LHC S2 + LEP/SLD
(combined in all lepton collider scenarios) | |l CEPC +360Gev1

Il CEPC Z00/WW5/240GeV Il CLIC 380GeV
HIiLC +3SOGeV0‘2+SOOGeV4 B CLIC +1 .5TeV2‘5

B MuC 10TeV 4o

Free H Width
j no H exotic decay

M ILC +1TeVg VwiGiga-Z | [l CLIC +3TeV5s
subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold

. MuC 12SGeV0.02+1 0TeV g

&> 1: —
= E
S oL
o} 10 E
o E
wn
-2
310
T
1073
10~
Y4 WW Z
694 o9y ‘59X/y 6g,.,y
" 10"
T
g &
Tl w
-]
g 102 ] —102 8
2} =2
[@)) -]
— L «Q
8 107 99 it cc bb T i 102
595, 69}, gy 69y, o} 69} oy

33

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024



The quest for identifying the underlying physics

- What can we learn from the enhanced precision in comparison to
the direct searches at the HL-LHC (existing limits and future
prospects)?

» How significant will possible patterns of deviations be? How
stringent are indirect hints for additional particles (typically scale
like coupling/mass?)?

- How well can one distinguish between different realisations of
possible BSM physics?

Questions of this kind have hardly been touched upon at the
previous update of the European Strategy for Particle Physics, but
they are crucial for making the case for a (low-energy) ete- Higgs
factory in the wider scientific community!
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CP properties of 125

CP properties: more difficult than spin, observed state can
be any admixture of CP-even and CP-odd components

Observables mainly used for investigaton of CP-properties

(H — ZZ*,WW* and H production in weak boson fusion)
involve HV'V coupling

General structure of HV'V coupling (from Lorentz invariance):

a1(q1,2)g" + as(q1, ¢2) |(qrg2) 9" — ¢i'd5 | + as(q1. @2) """ q1pq20

SM, pure CP-even state: a1 = 1,as = 0,a3 = 0,
Pure CP-odd state: a1 =0.a9 =0,a3 =1

However: in many models (example: SUSY, 2HDM, ...) as is
loop-induced and heavily suppressed .
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Sensitivity at the LHC and ete- Higgs factories

ete” — HZ — Hypu it with transverse and longitudinal beam pol.
Experiments ATLAS[24] CMS[19] HL-LHC[25] CEPC[29] CLIC[30] CLIC [31, 40] ILC
Processes H — 44 H — 44 H — 44 HZ W -tusion Z-fusion HZ 7 — utyu~
Vs [GeV] 13000 13000 14000 240 3000 1000 250
Luminosity [fb™] 139 137 3000 5600 5000 8000 5000
(1P_1,1P,) (90%, 40%)
Crzz (x1072%)
95% C.L. (20)limit | [-16.4, 24.0] [-9.0, 7.0] -9.1, 9.1] -1.6, 1.6] [-3.3, 3.3] -1.1, 1.1] -1.1, 1.0]

EHZZ = a3
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CP properties of 125

It has been experimentally verified that h125 is not a pure CP-odd
state, but it is by no means clear that it is a pure CP-even state

Sensitive tests via processes involving only Higgs couplings to
fermions

g 099900 > t
g 55000 f A
t ---- H i H
; A
g g 9990099 < t

with H = zz, bb, ...
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CP structure of the top Yukawa coupling: current
constraints and HL-LHC prospects
[H. Bahl et al. ’20]

Global fit to LHC inclusive and differential signal rates
SM

Lk = y\tﬁ t (ce +iysC) tH
(Ct, €ty Cy Ky, Ky) Tree Ay?
_ ] o ([, H — vy w/3ab~ 20
current constraints - P -
TF -
| SM value
impact of < 0
measurement of
tH production at  —1 [ S S
the HL-LHC — [ TR

205 0.0 0.5 1.0 1.5

= Only mild constraints on the CP structure at LHC and HL-LHC
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Test of CP violation in the tau Yukawa coupling

Constraints on the CP structure of the tau Yukawa coupling from
h125 — 1t decays using angular correlation between decay products:

[CMS Collaboration 21]

[ATLAS Collaboration ’22]

2 ClMIS : : | : : I I I I ]]37I fP_l |(1I3 Tey) 25 15 2:l I 17T l T 17T l T 1T I T T T I 17T l T T l T I T T I l:

" & Best fit — 683%CL ] |- 1.8 + Bestfit —16

| * SM == 955%CL ] | ] - x SM 26 ]
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—ffect on global CP analysis of Higgs-fermion couplings
[H. Bahl et al. '22]

Incorporation of recent CMS result on the CP structure of the tau
Yukawa coupling from h125 — 1t decays using angular correlation

between the decay products

Yr =
L = — ——f (cr+ 1v5C¢) fh L
[ Yuk f \/if( f + iv5€5) fh, Global fit using HiggsSignals + recent analyses
can also be analyzed in EFT |5 (CT, (NiT) free AXQ
(¢, ;) free Ay? i : : : : : 20
1.5 ; ; ; ; ; -
LOE € Ms004836 == :
C 15 ) 0.5 -
0.5 h-> TT CPV analysis -
& 0.0 _ 10 s 0.0 |
o5k —0.5 |
; 5 [
—1.0F e 1 ~1.0¢
i 0 ¢ ~ %1 almost [
15t - degenerate minima —15¢
—1.5-1.0 -0.5 0.0 05 10 1.5 of Ay2 —-1.5-1.0-05 0.0 05 1.0 1.5
Cr e Cr
Ring-structure from upper/lower bound on BR CMS analysis excludes large ¢,
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CP structure of the Higgs-fermion couplings
[H. Bahl et al. '22]

Comparison with the existing EDM constraints

B ACME [Nature 18]

FL'L i —929

158 B de < 1.1 x107*’ecm at 90% CL
e

) P Using [Panico, Pomarol, Riembau 18], [Brod, Haisch,
i Zupan "13], [Brod, Stamou "18],...
EDM violates 7 and P o o s .
=P

Analysis of the resulting amount of baryon asymmetry in the Universe

(¢, Cr) free

1.5 - —— LHC 90% CL | : ? : h
—wwie 17° GCould work
1.0 f7T % | A
Electron electric even for the
dipole moment 0.5 case where CP
oiede violation occurs
c just in the t
U
Allowed by LHC,— T J

L ] coupling (in
L0410 optimistic

I SUNUR JUUUE UUUE SR BT SO L scenario)!
—-15 —-1.0 =05 0.0 05 1.0 1.5

EDM constraints
and baryogenesis!

= CP violation in T coupling could yleld correct baryon a Aymmetny%/m
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Higgs factory analysis

[D. Jeans, G. Wilson ’18]

ILD simulation: 250 GeV, e et,, 0.9 ab™ Z—qq

:g 14 x2/nD0F= 29.3/19 lenDOF= 15.5/18
= 120
E -
~ 10
% -
o 8
> B
st ot
NI
42—
2:_ —4— 4+
- Group A
0 | T R R R I ' I I I
-3 -2 -1 0 1 2 3

A ¢ [rad]

e+e- Higgs factory: high sensitivity to the CP structure of the
h125-TT coupling
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Higgs potential: the "holy grail” of particle physics

The simple picture

Re(¢)

refers to the case of a single Higgs doublet field

If more than one scalar field is present, the Higgs potential is a multi-
dimensional function of the components of the different scalar fields
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Simple toy example: two singlet-type Higgs fields

[T. Biekotter, F. Campello, G. W. ’24]

Tunneling from a local minimum into the global minimum:

— Proceeds via intermediate local minimum 24
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The Higgs potential and vacuum stabllity

Extended Higgs sectors in general yield additional minima of the Higgs
potential; the electroweak minimum may not be the global minimum
Need to check stability of the electroweak vacuum w.r.t. tunneling into
deeper minima (analysis at T = 0) [W.G. Hollik, G. W., J. Wittbrodt *18]
Improved version of the public code Evade

Example: constraints from vacuum stability in the NMSSM on the

region allowed by HiggsBounds and HiggsSignals
[T. Biekébtter, F. Campello, G. W. 23]

stability most dangerous minimum global minimum
6000 - mmm stable = H, £, S vevs 1 T H, t, S vevs
0 long-lived B H, S vevs B EW vacuum
uncertéin mm H s B H, S vevs
3000 - I short-lived | g . vt (-
H, £, b, S vevs Bl H T Svevs
%J H, t, T, S vevs
O i i -
= 0
<
-3000 - - -
6000 - - .I -

| | | | | | | | | | | |
5000 -2500 0O 2500 5000 -5000 -2500 0 2500 5000 -5000 -2500 O 2500 5000
U U U



Depth of stationary points of the Higgs potential

Along line with Xt = 2.8 TeV.: [W.G. Hollik, J. Wittbrodt, G. W. '18]
—107
——. MDM
—108 e Hvevs
_109 - H, t~vevs
® H,bvevs
—1010 ® H,Tvevs
— _1011 o H, t:: b vevs
% ®@ H,b, Tvevs
O —10%2 ® H,t Tvevs
>
—-10%3
1014 \
Electroweak
_1015 vacuum
—10°
6000 —4000 —2000 0 2000 4000 6000

u [GeV]
= Most dangerous minimum (MDM) often differs from the global

minimum and also from the one that is closest in field space .
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Trilinear Higgs self-coupling and the Higgs pair
production process

Sensitivity to the trilinear Higgs self-coupling from Higgs pair
production:
- Double-Higgs production - A entersat LO - most direct probe of A

g - ===k 00000 h
. )‘hhh//"
L o> -h .
¢ S o
g —L - h OO ~h

[ Note: Single-Higgs production (EW precision observables) - A, enters at NLO (NNLO) |

ete- Higgs factory:

Indirect constraints from measurements of single Higgs production
and electroweak precision observables at lower energies are not
competitive!

Direct measurement of trilinear Higgs self-coupling at lepton collider
with at least 500 GeV c.m. energy will be crucial!

Note: the "non-resonant” experimental limit on Higgs pair production
obtained by ATLAS and CMS depends on %) = Annh/ AnpnSM: 0 -
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BSound on the trilinear Higgs self-coupling: x

. : ’
[ATLAS Collaboration ’22] [CMS Collaboration 22|
CMS 138 fb~! (13 TeV)
1 T T T T 1 1 1 1 T 1 1 1 1 11 1 1 T 11 L L DLELL N DL B L B L
B —— Observed limit (95% CL) - - Kk, =k, =ky=1 —— Observed ----- Median expected -
| ATLAS » __ Expected limit (95% CL) | S ~— Theory prediction ¥ 68% CL expected ]
Vs =13 TeV, 126—139 fb (U = 0 hypothesis) I 95% CL expected ]

_ HH-bbt*T~ +bbyy+bbbb  mEm Expected limit +10
- 1 Expected limit +20
EEE Theory prediction

Y% SM prediction

N

103:

[ it

OggF + VBF(HH) [fb]
=)

—-— —
L
~y
~ ~

95% CL limit on o(pp — HH) fb

------- \ 102 \
10 — bb - \ 1

- - _YY . \
— bbTtT" 7 Excluded § Excluded 7

w5 \

I —— bbbb ] §

: - Combined
101 [N T N TR A TR N TN NN NN NN N AN N SN NN N IO'TI] nle L 10__| Loy s v ] &. L I I L ..\, I |,
=10 -5 0 5 10 15 -6 -4 -2 0 2 4 6 8 10

KA

Using only information from di-Higgs production and assuming that
new physics only affects the trilinear Higgs self-coupling, this limit on
the cross section translates to:

ATLAS: -0.6 <y < 6.6 at 95% C.L. [ATLAS Collaboration °22]

CMS: -1.2<xx<6.5at95% C.L. [CMS Collaboration ’22] N
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Check of applicability of the experimental limit on x,

The assumption that new physics only affects the trilinear Higgs self-

coupling is expected to hold at most approximately in realistic
models

BSM models can modify Higgs pair production via resonant and
non-resonant contributions

The current experimental limit can only probe scenarios with large
deviations from the SM

— Direct application of the experimental limit on X, is possible if
sub-leading effects are less relevant
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wo-loop predictions for the trilinear Higgs coupling
iNn the 2HDM vs. current experimental bounds

The largest loop corrections to Annn in the 2HDM are induced by the
quartic couplings between two SM-like Higgs bosons h (where one
external Higgs is possibly replaced by its vacuum expectation value)
and two BSM Higgs bosons ¢ of the form

2(M? — m?b)

V2

Ihhdd = ®c{H A H*}

Leading two-loop corrections involving heavy BSM Higgses and the
top quark in the effective potential approximation

1h 1h 1h

—>Incorporation of the highest powers in ghhoo

Analysis is carried out in the alignment limit of the 2HDM (a =3 - 11/2)
—h has SM-like tree-level couplings .
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Check of applicability of the experimental limit on x,

Alignment limit: h has SM-like tree-level couplings

Resonant contribution to Higgs pair production with H or A in the
s channel is absent in the alignment limit

The dominant new-physics contributions enter via trilinear coupling

LVVOe00) R — e — =
, o, h O h

S A —</ | P 4 Y | P

\\ | |
LC0600000) o Lo . (2

X C’)(ytgf’bhq@) included X O(yfgihq@) not included

= The leading effects in gnhhee 10 the Higgs pair production process are
correctly incorporated at the 1- and 2-loop order via the corrections

to the trilinear Higgs coupling!
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Higgs self-couplings In extended Higgs sectors

Effect of splitting between BSM Higgs bosons:

Very large corrections to the Higgs self-couplings, while all couplings
of h125 to gauge bosons and fermions are SM-like (tree-level

couplings agree with the SM in the alignment limit)
[H. Bahl, J. Braathen, M. Gabelmann, G. W. 23]

M L = 400 GeV . Non-decoupling in k) for various aligned SU(2); multiplets

~_ Current limit / /

6F ]
- —— SM

L — IDM
| —— THDM-II

4i——— TSMy~—1

& [ —— GeorgiMachacek
3k

| HLLHC <

)

350 400 450 500 550 600 650 700 750 800
Mpsm [GeV] 52
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Iggs sector (2H

DM)

Prediction for x) up to the two-loop level:

2HDM type I, a = 8 — /2, ma = mpy+, M = myg = 600 GeV, tan 3 = 2

R

600

201
15}

101

B
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Hg\l) > Ky " = 6.3 (current)
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HL-LHC projection
/1&2) > KEL_LHC =23 (

Excluded by NLO pert. unitarity

projection)

[ k3T = 6.3 (curre nt)

a”
-

s s s s s sEsssEEssEEEEEEEEEEEEEEEEEEEEEE rrage i nnnnnns

-
-
-
—_——
—

700

[H. Bahl, J. Braathen, G. W. 22,
Phys. Rev. Lett. 129 (2022) 23, 231802]

= Current experimental
limit excludes important
parameter region that
would be allowed by all
other constraints!

Experimental limit on the
trilinear Higgs coupling
already has sensitivity
to probe extended Higgs
sectors!
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Constraints in the mass plane of H and A

[H. Bahl, J. Braathen, G. W. '22]

2HDM type I, M = myg, ma = mpy+, tanf =2, a =3 — /2

1400 Sensitivity to x) at

— the HL-LHC

1200

= 1000
< Excluded by other
= 800 Eecluded by: constraints:
AN /ig\l) . .
n___ /@&2) only nggs phySICS,
600 | Gy 5 other boundedness from
_ ol below,
100} it HLLC NLO perturbative
200 600 8001000 1200 1400 unitarity, ...

= LHC limits exclude parameter regions that would be allowed by all
other constraints; high sensitivity of future limits / measurements!
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Connection between the trilinear Higgs coupling
and the evolution of the early Universe

2HDM, N2HDM, ... : the parameter region giving rise to a strong
first-order EWPT, which may cause a detectable gravitational wave
signal, is correlated with an enhancement of the trilinear Higgs self-

coupling and with “smoking gun” signatures at the LHC
[T. Biekétter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. 22]

/\47T [GGV]

2HDM of type Il:

1000 Parameter region

_—giving rise to a
strong first-order
EWPT

alignment limit,

tanf3 =3 900

300

mA [GGV]

700}

— &> 1
I ®© Ay <myormyg
600 i ® Short-lived EW vacuum |

400 500 600 700 800 900 1000

mpy [GeV] 55
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2HDM of type ll: region of strong first-order EWPT

[T. Biekétter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. 22|

Constraints from 1000 T I I -
“vacuum trapping”: 3
the universe may
remain trapped” in a
symmetry-conserving =
vacuum at the origin, S
s

because the
conditions for a

B ) |
o / :
transition into the 700 / ° Global min. in origin E
deeper EW-breaking £ <1
minimum are not e Vacuum trapping
. 600 Bttt
fulfilled 100 500600 700 800 000
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Relation between trilinear Higgs coupling and strong
first-order EWPT with potentially observable GW signal

[T. Biekétter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. 22|

" 6 alignment limit,
current bound Z j tanf3 = 3
3]
_ ILC-500
' ——- HL-LHC
4 === ATLAS limit 1
2t - EWSR 1 region with
[ Irapped ' otentially
3[ « FOEWPT 1 P
_ SNR > 1 obsgrvgble
______________________ gravitational
HL'LI__IQ 2| 1— wave (GW)
senS|t|V|tY/' : \ signal
ILC sensitivity || s s 55 T region with

0 100 200 300 400 strong first-

ma — myy [GeV] order EWPT
— Region with potentially detectable GW signal and strong first-order

EWPT is correlated with significant deviation of x) from SM value
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Prospects for measuring the trilinear Higgs coupling:
HL-LHC vs. ILC (500 GeV, Higgs pair production)

.............. R ....... _ HL-LHC:

_ é é e
L = =W = cross-section-level extrapolation I LC 500 2 7 % I i E - 70 %

Higgs selfcoupling projections

—e— |LC 500 GeV ZHH (full coupl. analysis) ILC500

=
@)p) -
é 3 [ ==t==HL-LHC (single coupl. analysis)
/p)
qv;
O
E ] : P omn . :
< D |- (W= ILCS00 GeV + 1 TeV wwHH combined  [......bovofo bbbl '|;<__
' Pl : 10%

for GW signal, -
1 I 1 1 1 1 I 1 1 1 1 I 1 ISIM IV?IL;IeI IfirST_Oquelr IEIWIP-I-I_

-0.5 0 0.5 1 1.5 2

7\true/}“SM
= For x\ = 2: much better prospects for ILC500 than for HL-LHC

Reason: different interference contributions 58
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=xploring HHH production w.r.t. Higgs self-couplings

Triple Higgs production depends on x3 and x4! L ot
H----e K3 Ay
H H H
H
K3 ST
g SEEETY) o 9 < //H
g T N H AN
g rsTEy “H

Is it possible to obtain bounds from triple Higgs production on

X3 and x4 that go beyond the existing theoretical bounds from
perturbative unitarity? Potential for ¥z constraints beyond the ones
from di-Higgs production?

How big could the deviations in x4 from the SM value (= 1) be in
BSM scenarios?

59
Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024



Bounds from perturbative unitarity

 Process relevant for k3, K, is HH — HH scattering (see also [Liuctal *18])

Jacob-Wick expansion allows to extract partial waves

B(x,y,2) =x° +y° + 2° — 2oy — 2yz — 222

1

v\14 1/4 2
; B4 (s, mf1 mf )B4 (s, m,Ll,m )/

Afi = 327s

* Tree level unitarity:
|2

DO | —

Ima > |a — ]Rea,?i] <

95 % CL
ATLAS current bounds: [—0.4, 6.3]

CMS & ATLAS HH projections: (0.1, 2.3

[ATLAS 2211.01216]
[CERN Yellow Rep. 1902.00134 ]

A4
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Possible size of BSM contributions:
SMEFT: effects of higher-dimensional operators

Linear power expansion for higher order terms in A~! orders: [Miﬁﬁﬁﬂj%“g?n?,hzoﬁiﬁ o
3 4
C@ U2 Cg 112
VBsM = e — — ) +=(0Td— — ) +...
BEM ™ \2 2 A4 2
Contributions to k3, Ky:
06’02
1) =
(/{3 ) )\/\27 )(4_ """"""" 4 L L ]
6Csv?  4Csv? 3 : : 3
(=1 = e T "
i 1 s0f
vanishing ~6(ka— 1)+ O ( ) [
dimension-8 (o3 = 1) At 203_
4 2 o
Shaded region: ACsv < 6C6v I
AA4 AA? ool
Electroweak Chiral Lagrangian (HEFT): —40;_ Unitaurity
Higgs introduced as singlet and k; and kg are | _ 0~ A4
free parameters — probes non-linearity R I R R

~10 -5 0 5 0 A3
— Deviation in x4 enhanced by factor 6!
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Model example: 2H

DM, %3 (see above) vs. X4

0) , (1
« Benchmark Point of [Bahl, Braathen, Weiglein * 22] — cross- . I‘E ) + ng )
check «, result (also with anyH3) C (0)
3 I
SM, i
- Expectedly deviations in k5 induce sizeable deviations in k; i € (3H,4H}

)/ o s s S S S e S S S B B B B B S S S | R e e L I e B B L e e L
[ m? m2
2 — M? = 600° GV, mpy: = M 100k —2 = M? = 600" GeV?, mp = M
- SpCB | SpCp
12__153:2, mAZMHi ] tB: )
i a=p—m/2 a=p—7/2
10 - 80
8T ) 60
< Current bound < I
n 7 i
i 40
4_ -
. _fif_oj_eft_io_ﬂ _____________________________ 20 )
2 - B
i One loop 2HDM X One loop 2HDM
O....|....|....|....|....|.... 0 i B B T B
600 700 800 900 1000 1100 1200 600 700 800 900 1000 1100 1200
ma [GeV] ma [GeV]
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Prospects for the HL-LHC: 6b and 4b2t channels comb.

 Assumption: No correlations L L R WL S ; ; 7
Combined 3627, 5b
[P Stylianou, G. W. 24] me _
20 .
< 0 _
Combination of further 920k -
channels and improvements ' '
of tagging/reconstruction _
methods could enhance a0k o W 3/ab ]
results further - ---20 [ 6/ab
" AT IR B AR T B A B T B B
0 1 2 3 4 5 6
K3
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e Inclusive 7 — HHH + X analysis with H — bb

» At least 5 tagged b-quarks with p(b) > 30 GeV

» Tagging efficiency: 80 %

Prospects for future lepton colliders

e Important: For high energies b-quarks
are not only in the central part of

detector — requires extended tagging
capabilities

* Negligible background from other SM
processes

<
&

O
N

<
o

Normalised MG5 events
o o
— w

>
o

10 TeV
[ | 3TeV |
1 TeV

—7

0
n(b1)
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K4

Higgs self-couplings at lepton colliders

1

* Poissonian analysis: Hup = §FX_21 [2(n + 1); CL]

* Results similar to other works with dedicated analyses for 1 and 3 TeV, e.g.
[Maltoni, Pagani, Zhao "~ 18]

LI L B B B B L B B R L L A L L R L — T T T T T [ T T T T [ T T T T [ T T T T T T]
s 95% CL 1 95% CL |
60— 7 I :
10T .
401 4 I
- - 5_ -
20 4 I
Or . < oOF i
_920F 4 i ]
F--- 1/ab, 1 TeV --- 3/ab, 3 TeV . —5F -
[ 1 10/ab, 10 TeV 7 [ T
_AQ | ——2/ab, 1 TeV ——5/ab, 3 TeV i
[ ] -10T - -~ 3/ab, 3 TeV T
—60F 4 I 1 10/ab, 10 TeV |
- - : —— 5/ab, 3 TeV
0 1 2 3 4 5 6 0 1 2 3 4
K3 K3
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Triple Higgs production: HL-LHC vs. lepton colliders

[P Stylianou, G. W. '24]

| ©J Unitarity

1 7 1Tev e 2 Jab

| T 3Tever5 /ab

| M 10 TeV ££10 /ab

]~~~ LHC 5b3/ab

—— LHC 5b 6/ab
=== LHC 3b27 3/ab

— LHC 3b27 6/ab

HL-LHC is competitive to 1 TeV lepton collider; higher-energetic
lepton colliders have better sensitivity .
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BSM Higgs bosons

Compatibility of extended Higgs sectors with exp. results:
« A SM-like Higgs at ~125 GeV

 Properties of the other Higgs bosons (masses, couplings, ...)
have to be such that they are in agreement with the present
bounds

— Additional Higgs bosons may well be lighter than the SM-like
Higgs boson (h125)

If h125 is the lightest state of an extended Higgs sector, a typical
feature is that the other states are nearly mass-degenerate and
show decoupling” behaviour

At lepton colliders heavy BSM Higgses are typically pair-produced
—> Best prospects at highest c.m. energy! 67
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Search for additional Higgs bosons

In a large variety of models with extended Higgs sectors the
squared couplings to gauge bosons fulfill a "sum rule”:

Zg?ﬂvv — (stil\éfv)z

The SM coupling strength is shared” between the Higgses of an
extended Higgs sector, xy = 1

— Unitarisation of the vector boson ... ¥ '
scattering amplitudes N 5 N S

= The more SM-like the couplings of the state at 125 GeV turn out
to be, the more suppressed are the couplings of the other
Higgses to gauge bosons

— Heavy Higgs bosons usually have a much smaller total width
than a SM-like Higgs of the same mass

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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BSM Higgs: CMS + ATLAS excess in yy channel at

DM)

= Good description

95 GeV, interpretation in 2HDM + singlet (S2H
So2HDM type | and |V [T. Biekotter, S. Heinemeyer, G. W. 23]
obs. 95% CL o Typell
10 === exp. 95% CL o TypelV :
T F 20 exp — == ATLAS exp. 1
.| loexp P ATLAS obs.
e o
= 0.6 F .
T F :
g ATLAS |  of the observed
< 04F

0.2

ATLAS+CMS |

‘Y&..; .

0 "o 100 i0n
mp

/ 1  excesses
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—xcesses near 95 GeV at the LHC and at LEP

S2HDM type Il and IV: [T. Biekoétter, S. Heinemeyer, G. W. ’23]

0.20 0.20 |
0.15 0.15
§ 0.10 fii 0.10
0.05 0.05
S

1 o ellipse for x2,,+bb

—> The LHC excess in the yy channel and the LEP excess in the bb
channel can be described very well simultaneously!
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Higgs factory: discovery potential for a low-mass Higgs;
Sensitivity at 250 GeV with 500 flo-1

[P Drechsel, G. Moortgat-Pick, G. W. "20]

2
<9hZZ)1..................
9gasMzz ) | f
[ | & Indirect HL-LHC
* 1 | sensitivity from
Excluded | | measurements
from of the Higgs at
LEP 0.100f —  LEP, @—bb, observed limit 11 125 Gev
searches | :
—— LG, ®—bb |
mg ——  HL-LHC/ILC: indirect sensit.
Could o.010}
probe the _ /J/
excesses | J__/___,_,_/
from LEP W . L
Higgs factory sensitivity:
and CI\(/)I§01 B h - bb seayrch ' ;
at about )
96 Gev 2-0 a a a 4|0 a a a 6|0 a a a 8l0 a a 1 0 a a a 150 a a a 120 P 1&)
mqe/GeV Mh/GeV

= Higgs factory at 250 GeV will explore a large untested region!
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Prospects for coupling measurements of h125 and
h95 at an ete- Higgs factory

S2HDM, type Il and IV: [T. Biekétter, S. Heinemeyer, G. W. ’23]
E S2HDM: 0.21 < piyy < 0.52, Axigs < 6.18 oonn 0.45 - S2HDM: 0.21 < piyy < 0.52, AxFos < 6.18 . ;
L . TvpeIl -+ HL.LHC o : g ]
LOOOE | v - ILOos T |
N ype :: g 0.40 -
0.975 .
S : St ] = 035F
>m C o “e :.‘ o.S.O‘o.O $es >m
< 0.950 f PR f?{}‘- ol £
QO o P ) «»® < et ... { o? E ©
T E v T A BT ]
LI A X YR b 1 030F
N ﬁ g0 ¥ “.“X.‘)..o .
0.925 '3"‘6{‘51}.& f F E
‘ F S %ty .,3‘; . ]
) .‘.5?. ® A &e. 5
- e ..:. ° * ] 0.25 N
- ¢ & ] :
0.900 F h :

Oj7 0.80 O.I85 0.90 0.95 1.IOO
|Ch125T+T—|
—> Precision measurements of the couplings of both h125 and h95
High sensitivity to the realised physics scenario (Yukawa type, ...)
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Conclusions

Higgs physics at future colliders (with a broad brush):

- ete- Higgs factory at low energy: precise measurements of the
couplings of h125 to fermions and gauge bosons, high
sensitivity for additional light Higgs bosons

- Additional physics programme of e+te- Linear Collider with c.m.
energy of at least 500 GeV: exploration of the Higgs potential,
good prospects for the production of heavy additional Higgs
bosons

* Highest-energetic lepton colliders: sensitivity for constraining
the quartic Higgs self-coupling
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Sackup
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Composite PGB, identified with the Higgs boson

Composite Higgs models can be viewed as an interpolation

between a weakly coupled Higgs model and a strongly coupled
technicolour model

Composite Higgs is a bound state, similar to the pion in QCD

o™
° ° AN
QCD Composite Higgs <
1 1 3
S - 1 O
= ~f <
GeV » TeV —— 5
o
(O]
iaas £
130 MeV 7T Pion 125 GevV —— p, HI99S S
boson
SU(2)L x SU(2)r SO(5) 3
SU(2)v SO(4) “
Spontaneous Minimal Composite
breaking of chiral Higgs Model

symmetry in QCD

Mass of the bound state is not sensitive to virtual effects above
the compositeness scale
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Higgs mass measurement: the need for high precision

Measuring the mass of the discovered signal with high
precision is of interest in its own right

But a high-precision measurement has also direct implications
for probing Higgs physics

Mu (H = h125): crucial input parameter for Higgs physics

BR(H — Z2), BR(H = WW): highly sensitive to precise
numerical value of MH

A change in My of 0.2 GeV shifts BR(H = ZZ') by 2.5%!

= Need high-precision determination of My to exploit the
sensitivity of BR(H = ZZ)), ... to test BSM physics
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Higgs mass prediction vs. experimental result

Higgs mass as a precision observable: Mhi2s = 125.25 + 0.17 GeV
Comparison: M prediction for heavy SUSY (Msusy = 100 TeV)

Msysy = 100 TeV, 5 =3 [H. Bahl, J. Braathen,

128 . I I
- G. W. '22]
127 4
126 Mass parameters
ATLAS/CMS +1o x and trilinear

> 125 couplings varied in
< [1/2 Msusy, 2 Msusy]
= 124

123

) | Xt: mixing in
121 | 1 | 1 | 1 | 1 | ] ! the Scalar top

-3 —2 —1 0 1 2 3
P sector
XPR = Xt /Msusy

= High-precision measurement of the Higgs mass puts important
constraints on BSM physics even if new physics scale is very high!
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Probing the SM and extended Higgs sectors

The experimental results indicate that the observed state h125 has
SM-like properties, but extensions of the SM may have a higher
compatibility with the data than the SM

Example: 2HDM of type | N = ;'
[H. Bahl et al. ’22] 0 HiggsBounds+HiggsSignals _
HS 68% HS BFP
E == HS95% HB 95% E
Preferred region from :
Higgs measurements ’ i
OF | E
Limits from Higgs :
- I
searches 3 E L A9
|
NG
Taal ' : 0.2 0.4
SM limit (alignment) >

= Alignment limit disfavoured, slight preference for non-zero BSM contrib.
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Discovery potential of [LC 250 for invisible decays
and decays that are "undetectable” at the LHC

Direct search for H — invisible at ILC 250 has sensitivity down to
branching ratios 0.3%
If there are dark matter particles with a mass below half of the Higgs
mass, then the Higgs decay into a pair of those particles will give rise
to an invisible decay mode

= Discovery potential for dark matter and other new physics

Complementary sensitivity via high-precision measurements of the
Higgs couplings: the presence of an invisible decay mode leads to a
simultaneous suppression of all other branching ratios!

Also sensitivity at the %-level to decays that are "undetectable” a
the LHC: decay products that cannot be resolved from the QCD
background (non-b jets, gg, ...) ., | |

m CEPC
ILC(H20)
m FCC-e

—

“Exotic” decay modes: large

improvements over HL-LHC . ‘ | | L | | | | I | | ] |
[Z. Liu, L.T. Wang, H. Zhang ’'17] 1M by, v, (e, Do, i, Msumm 0 ot 1o O Py
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CP properties of 125

= QObservables involving the HVV coupling provide only
limited sensitivity to effects of a CP-odd component, even
a rather large CP-admixture would not lead to detectable
effects in the angular distributions of H - ZZ" — 4 |, etc.
because of the smallness of a3

Hypothesis of a pure CP-odd state is experimentally
disfavoured

However, there are only weak bounds so far on an
admixture of CP-even and CP-odd components

Channels involving only Higgs couplings to fermions have
the potential to provide much higher sensitivity
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Vacuum stability of extended Higgs sectors (T = 0)

Extended Higgs sectors with additional minima of the scalar potential
at the weak scale that may be deeper than the EW vacuum

—> Tunneling from EW vacuum to deeper vacua possible depending on
the "bounce action” B (stationary point of the euclidian action) for the
tunnelling process

— EW vacuum can be short-lived, metastable or stable

I

Decay rate per spatial volume: Ve = Ke P
S

“Most dangerous minimum”: highest tunnelling rate from EW vacuum

Constraints from vacuum stability at T = 0 can be combined with the
ones from the thermal evolution of the Universe (see below)

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
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Vacuum stability constraints in the MSSM
[W.G. Hollik, J. Wittbrodt, G. W. '18]

Parameter plane around example point of Mh125 benchmark scenario

stability most dangerous minimum global minimum
6_
4_
~ =2 8TeV-—-)@§."""
v 2
=
<
i 07
Q
<
Il _2- |
< short-lived

H, t vevs H, t vevs

390 <B <440

—4 - . .
- Ny = |Ong-|ived [ ] H, b Vevs B H, b vevs
_6- m stable | m H,tbvevs w  H,tTvevs
-5.0 -25 0.0 2.5 5.0 -5.0 -25 0.0 2.5 5.0 -5.0 -25 0.0 2.5 5.0
u [TeV] M [TeV] u [TeV]

— Particularly important: instabilities in directions with sfermion vevs
(charge or colour-breaking minima, CCB)
Character of most-dangerous minimum differs from global minimum
Region of absolute stability and global minimum sensitively depend
on fields with small couplings to the Higgs
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Vacuum stability constraints in the NMSSM

Improved version of the public code Evade [W.G. Hollik, G. V., J. Wittbrodt '18]

Example: constraints from vacuum stability in the NMSSM on the

region allowed by HiggsBounds and HiggsSignals
[T. Biekotter, F. Campello, G. W. °24]

HiggsBounds HiggsSignals
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—Xperimental constraints on x,

Combination assumption Obs. 95% CL Exp. 95% CL Obs. Valuetll‘;

HH combination —0.6 < k) < 6.6 2.1 <Ky <7.8 = 3. 13%
Single-H combination —4.0<k3 <103 -52<ky<11.5 =2.5%3%
HH+H combination —0.4 < k3 <6.3 1.9 <Ky <75 = 3. OHIg
HH+H combination, k; floating —0.4<ky<6.3 -1.9<ky <17.6 =3.0"}%
HH+H combination, k;, kv, kp, k7 floating  -13 <k3 <6.1 2.1 <k, <7.6 = 2.3

g 1_4_ | | ! | I ! | | ! I | ! I | I 1 ! ! ! I ! ! I I I ! | I ! i

- ATLAS —— 68%CLHH+H _

[ Vs=13TeV, 126—139 fo" =R doniGllinl ]

1.3_- All other K fixed to SM — Sg:f gtg S
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1.1 T .

) | i
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) / i

T //I o
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—ffects of BSM particles on the trilinear Higgs coupling

Trilinear Higgs coupling in extended Higgs sectors: potentially large
loop contributions

- Leading one-loop corrections to A in models with extended sectors (like 2HDM):
SM top quark loop BSM scalar loops

First found in 2HDM:

4 = 4\ 2\ 9 \ [Kanemura, Kiyoura,
6(1)>\hhh B 1 o 48mt i E 4n(pm<1> 1 — M Okada, Senaha, Yuan ‘02]
1672 V3 v3 ms

M : BSM mass scale, e.g. soft breaking scale M of Z, symmetry in 2HDM
N : # of d.o.f of field d

2 2 \ .2
- Size of new effects depends on how the BSM scalars acquire their mass: T g M + AU

= Large effects possible for sizeable splitting between m4¢ and M
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Single-Higgs processes: A enters at loop level

[E. Petit '19]
"™ How to measure deviations of )\3 Note: this is
based on the

¢ The Higgs self-coupling can be assessed using di-Higgs production and :
single-Higgs production assumptlo_n

¢ The sensitivity of the various future colliders can be obtained using four that there is a
different methods: large shift in A,

but no change
anywhere else!

v

di-Higgs single-H

exclusive

global
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Single-Higgs processes: A enters at loop level

[B. Heinemann ’19]

Sensitivity to A: via single-H and di-H production

Higgs@FC WG

B di-H, excl. [ di-H, glob. [ single-H, excl. [ single-H, glob.

D i -H iggs : All future colliders combined with HL-LHC
- HL-LHC: ~50% or better? HLLHC | [
o Improved by HE-LHC (~15%), HE-LHC - ? ? ?
'F',‘C5°° (';27b%) CEILCICW? (;3‘; o) FCC-ee/eh/hh Z°i° | , ;
° rrecisely by 3000 0
FCC-hh (~5%), POC-000 — — —
- Robust w.r.t other operators FCC'ee%S ;3%: ;
i : LCos0 4 5 5 5 5
Single-Higgs: TR — p— — S
- Global analysis: FCC-ee365 and LG [ S i
ILC500 sensitive to ~35% when 500 &7 ; ; 2
comblned with HL- LHC CEPC ..
. et CLIC,, ..
> Exclusive analysis: too sensitive CLIC1500 ...
to other new physics to draw CLIC e S i i
conclusion 3000 ;. L
0] 10 20 30 40 50
May 2019 68% CL bounds on x5 [%]
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Prospects for the HL-LHC

- Use of Graph Neural Networks (GNN) for signal-background
classification

« Focus on 6b and 4b27 final states with 5 and 3 tagged b-quarks, respectively

Backgrounds:

6b: dominant QCD contributions  (see also [Papacfstathiou, Robens, Xolocotzi® 21])
4b2z: W W ~bbbb, Zbbbb,

tt(H — 77), tt(H — bb),

tt(Z — 77), tt(Z — bb), tttt
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-vent generation and pre-selection

* Events generated with
MadGraph5_aMC@NLO

* Higgs states decayed
with MadSpin

(conservative) background
K-factor of 2

signal K-factor of 1.7
[Florian, Fabre, Mazzitelli* 20]

Pre-selection cuts:

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024

Example HHH production diagrams

Invariant mass of final states: 2350 GeV

At least one pair of tagged states with
m;; € [110,140]
pr(b) > 30 GeV pr(7) > 10 GeV
In()] < 2.5 In(b)| < 2.5
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Showered and reconstructed results: 5b

* Showering and reconstruction of events: Pythia, FastJet, Rivet

e HL-LHC luminosity of 3/ab and ATLAS-CMS combined luminosity of 6/ab

10}
2]

Signal region selected with cut _
on background score 0

PI[OCD] £0.5%

—-40

~60[
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" ---20 [ 6/ab
20

| Showered and reconstructed 5b

K3
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Showered and reconstructed results: 3b2t

« 3b27 more complicated due to multiple backgrounds -

multi-class
classification

» Train on backgrounds: W W ~bbbb, Zbbbb, tt(H — T T__)

K4

60}

40

20

-20

-40

-60

I Showered and reconstructed 3b27

—lo @ 3/ab
" --- 2 W6/ab ]
0 1 2 3 4 5) 6
K3
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